On stochastic switching of bistable resonant-tunneling structures via 

nucleation 
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We estimate the critical size of the initial nucleus of the low current state in a bistable resonant 
tunneling structure which is needed for this nucleus to develop into a lateral switching front. Using 
the results obtained for deterministic switching fronts, we argue that for realistic structural param- 
eters the critical nucleus has macroscopic dimensions and therefore is too large to be created by 
stochastic electron noise. 
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In Refs. Ill2l the following switching mechanism has 
been discussed for the double-barrier resonant tunneling 
structure (DBRT) in presence of electron shot noise. A 
bistable DBRT with Z-shaped current-voltage charac- 
teristic is considered. The bistability is due to the charge 
accumulation in the quantum well£ The high current and 
low current states correspond to the high and low elec- 
tron concentration n in the quantum well, respectively. 
The high current state, which is stable in absence of fluc- 
tuations, becomes metastable due to electron shot noise 
when the voltage V is chosen close to the threshold volt- 
age Vth at the upp er b oundary of the bistability range 
(see Fig. 1 in Ref. 1 2). Hence the system eventually 
jumps to the low current state. Whereas in small struc- 
tures this occurs uniformly over the whole area of the 
device^ in large area structures the transition may occur 
via nucleation. The nucleation is a two-stage process: 
First the transition happens in a small part of the de- 
vice, forming an initial nucleus of the new state. Then 
this initial nucleus expands, leading to the transition of 
the whole structure to the new state. ( This mechanism 
has been originally discussed with respect to bistable mi- 
crostructures in Ref. 0.) However, in analogy with the 
well-known case of an equilibrium phase transition, to en- 
able expansion of the initial nucleus of the new state, its 
lateral size r should exceed a certain critical size r CI m£& 
Consequently, a quantitative estimate of r cr would be 
useful in order to understand the relevance of the nucle- 
ation switching scenario in a DBRT. 

The expansion of the nucleus represents a determinis- 
tic process of switching front propagation. Such nonlin- 
e ar fr onts in bistable DBRT h ave be en studied in Refs. 
F^ l8l9llTrj|[lllll2llT^ . Refs. I^ ITollTTlfl 2l 1 3l are specifically de- 
voted to the sequential tunneling regime, considered in 
Ref. [ij. The critical size r cr can be estimated on the basis 
of these results. We shall focus on the lower bound for 
r cr which is given by the characteristic diffusion length £d 
of the spatially distributed bistable systemA 5 ^ Nuclei of 
smaller size r < £d disappear due the lateral spreading 
of the electron charge in the quantum well and do not 
trigger a switching front. The effect of curvature should 



also be taken into account in case of two lateral dimen- 
sions as considered in Ref. OB when the initial nucleus 
is cylindrical. This generally makes r cr larger than £d~ 
However, regardless of the lateral dimensionality cor- 
responds to the lower bound for r cr . 

Let us start with a simple analytical estimate for the 
front width. For a bistable DBRT, in is determined by 
the lateral spreading of the electron concentration in the 
well and the balance of the emitter- well and well-collector 
currents in the vertical (cathode-anode) direction which 
determines the regeneration of the stored electron charge. 
In the sequential tunneling regime the lateral spreading 
of electrons in the quantum well is dominated by an elec- 
tron drift in the self-induced lateral electrical fieldiii*^ It 
is known from the theory of pattern formation in active 
systems 5,6 that £d is close to the width of the interface 
which connects the coexisting on and off state in the sta- 
tionary or moving current density pattern such as a cur- 
rent density filament or front. The order of magnitude of 
the velocity of the switching front is given by (Eq. (19) 
in Ref. 01 
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where fi is the electron mobility in the well, Tr,/h is the 
tunneling rate via the emitter- well barrier, is the 
Fermi level in the emitter, and e is the electron charge. 
The concentration of stored electrons in the front can be 
roughly approximated by a piecewise exponential profile 
(Eq. (A5),(A6) in Ref. 13). The characteristic "decay 
length" £w of this profile is of the order of 
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as immediately follows from Eqs. (17),(19),(A5),(A6) in 
Ref. The front width W, defined as the width over 
which the electron concentration changes by approxi- 
mately 95% of the high-to-low ratio, is related to £w 
as W w 3£w- For typical values fj, ~ 10 5 cm 2 /Vs, 
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lOmeV we obtain v ~ 10 7 cm/s is similar to the meaning of r cr in our consideration. It 



r L ~ lmeV, El 
and IV ~ 1 /itm. 

Eq. (2) gives the characteristic scale of the front width 
and reveals its dependence on the main structural pa- 
rameters. A quantitive evaluation of W follows from nu- 
merical simulations! 3 - which show that W can be larger 
than predicted by Eq. (2). According to Ref. the 
front width is about 10 /im for a stationary front (the 
structural parameters: p ~ 10 5 cm 2 /Vs; Tl ~ 0.5 meV, 
Tr ~ 0.1 meV), it increases with voltage, i.e. for a 
moving front, and becomes several times larger near the 
threshold voltage Vth, i- e - a t the end of the range of 
bistability (see Fig. 4b in Ref. fl3L where a stationary 
front (v = 0) according to Fig. 4a corresponds to a volt- 
age |u| « 370 mV, and Vth — |«th| ~ 410mV according 
to Fig. 2 therein). Note that the mobility \i in the well 
depends on the scattering time and therefore is related to 
the broadening of the quasibound state in the quantum 
well. Since the bistability range of the DBRT structure 
shrinks and eventually disappears when the broadening 
of the quasibound state increases, it is not possible to 
substantially decrease £y> by choosing a low mobility p. 

Another limitation imposed on r cr is related to the 
vertical thickness of the tunneling structure w. The de- 
pendence of the energy of the quasibound state on the 
stored electron charge AE = e 2 n/C (Eq. 11 in Ref. Q, 
where C is the effective capacitance of the well) is appli- 
cable only for variations of n whose characteristic length 
A is much larger than uiiii Variations of n with A < w 
are screened by the electrons in the highly conducting 
emitter and collector regions. Since such variations do 
not influence the energy of the well and therefore do not 
contribute to the electrostatic feedback mechanism which 
leads to bistability, we obtain r cr > w. However, the con- 
dition r cr > £d is much stronger because £d 3> w. 

Our estimate r cr > 1-q ~ W ~ 10 pm suggests that 
for realistic DBRT parameters the nucleus represents a 
macroscopic object whose lateral dimension is compa- 
rable to the typical lateral size of a DBRT structured 
Physically, this results from the efficient re-distribution 
of electron charge in the quantum well plane. Since the 
transition probability decreases exponentially with the 
area of the nucleus^*^ the probability of spontaneous ap- 
pearance of the critical nucleus due to shot noise in the 
structure with extra-large area S > 7rr 2 r is negligible. We 
note that the probability of the stochastic generation of 
a critical nucleus is equal to the probability that a DBRT 
with a lateral size of 2r cr w 20 /im is uniformly switched 
by electron shot noise. 

In Ref. 1 a characteristic scale ro = y^cry) - 1 / 4 was 
introduced, where tq is a characteristic width of the crit- 
ical profile n(r) (this profile is shown in Fig. 3 in Ref.0), 
which corresponds to the saddle point of the functional 
F(n) (Eq.(14) in Ref.Q). This width is determined by the 
coefficient of lateral diffusion in the well D (77 ~ D) and 
the parameters of the effective potential a and 7 which 
reflects the balance of the emitter-well and well-emitter 
currents (Eq. (5) in Ref. QJ). The physical meaning of ro 



is shown that r ~ (Vth ~ V) -1 an d thus nr 2 ^> S for 
(Vth — V) — > 0i In this case only uniform transitions are 
possible. The characteristic time of such uniform transi- 
tions is given by Eq. (6) in Ref. |lj. Since ro decreases 
with increase of (Vth — V), it is assumed that tttq < S 
for sufficiently large (Vth — V) and then the switching via 
nucleation becomes possible^ Ref. [lj does not provide a 
lower bound for ro in this regime, implicitly assuming 
that r becomes sufficiently small. 

In Ref. 2, which represents an extended and elaborated 
version of Ref. OJ ro is replaced by another characteristic 
length d. It is related to ro as£ 
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where C ~ 7.75 (Eq.(57) in Ref. 2). The length d is 
evaluated as£ 
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where a is the conductivity in the quantum well and Tl, 
Tr are transition coefficients of the barriers. For a = 
efin,TL = Tr ~ Tji/Ef and n ~ PoE^ from JSJ we 
obtain 
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where po = m/Trh z is the two-dimensional density of 
states. For fi - 10 5 cm 2 /Vs, T L ~ 1 meV, Ef ~ lOmeV 
we obtain d ~ 1 /im, in agreement with our estimate 
based on Eq. (2). 

Ref. suggests that the lower bound for d given by 
Eq.(3) is 
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20 nm. 



(5) 



This value corresponds to Tl = Tr ~ 1 and the con- 
ductivity in the well a = e 2 /h. Both assumptions are 
far beyond the limits of applicability of the model un- 
der consideration. Indeed, the analysis in Refs. 00 is 
done for the incoherent tunneling regime whereas the 
limit of transparent barriers Tl = Tr ~ 1 clearly cor- 
responds to the coherent tunneling regime. The conduc- 
tivity a = e 2 /h ~ 2.4 • 10~ 4 corresponds to the low 
mobility limit when the mean free path of an electron 
is of the order of the average distance between carriers 
(effective mobility p, = a/ (en) ~ 5 • 10 3 cm 2 /Vs). Strong 
electron scattering generally leads to wide broadening of 
the level in the quantum well, which is known to smooth 
out the bistability of the resonant-tunneling structured 
The broadening r we n of the quasibound state correspon- 
ding to a = e 2 /h is of the order of Ef which is far too 
large to observe bistability. Finally, d = 20 nm does not 
meet the condition d > w for the typical width of the 
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resonant-tunneling structure w ~ 100 nm. We conclude 
that the evaluation of d for Tl r — + 1 and a — > e 2 /?i is 
physically meaningless. 

Our consideration shows that for realistic structural 
parameters the crossover from uniform stochastic switch- 
ing to stochastic switching via nucleation might not hap- 
pen because r^ r remains comparable to S regardless of 
the voltage V. In principle, the nucleation scenario re- 
mains possible in extra-large structures (S ^> 7rr^ r ) when 
{Vth — V) is chosen sufficiently small so that S 3> 7T7q > 
nr% T . In practice, in this macroscopic limit the statistical 
properties of the switching time are determined rather by 
the fluctuations of the applied voltage V and broadening 
of the threshold voltage Vth due to imperfections of the 
DBRT structure. The inaccuracy of the applied voltage 
becomes particularly important for transient measure- 
ments like those performed in Ref. ^] when the applied 
voltage is dynamically increased in a stepwise manner to 
reach the metastable state at the edge of the bistability 
range. 



In conclusion, our estimates based on the results of the 
studies of lateral switching fronts in a bistable DBRT 13 
suggest that the critical nucleus, which is needed to trig- 
ger such a switching front, has a macroscopically large 
lateral dimension (e.g. > 10 /mi) for realistic structural 
parameters. Therefore it is doubtful that the nucleation 
scenario which implies triggering of the lateral front by 
shot electron noise is possible in a DBRT. The effect of 
electron shot noise on the lifetime of the metastable state 
rather decreases with increasing area of the DBRT struc- 
ture and vanishes for structures with macroscopic lateral 
dimensions, in agreement with Ref. 0. This does not ex- 
clude that the nucleation mechanism might be relevant 
in other bistable systems. 
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